A novel, straightforward fully catalytic asymmetric synthesis of chiral 2,5-naphthylpyrrolidine based upon an iridium-catalyzed double allylic amination with ammonia has been developed. The products are available in high yields and enantioselectivities.
Chiral 2,5-disubstituted pyrrolidines 1 are versatile chiral compounds that have been used for a large variety of asymmetric transformations (Figure 1 ). For example, they have been employed as chiral C 2 -symmetric auxiliaries 1 for the asymmetric synthesis of a-amino acids through aalkylation of glycine derivatives 2 or stereoselective iodolactonization. 3 Furthermore, derivatives of 2,5-chiral pyrrolidines have been shown to act as stereodirecting auxiliaries in asymmetric Wittig rearrangements. 4 In catalytic asymmetric transformations, these compounds have been used as chiral ligands for the asymmetric addition of diethylzinc to aldehydes 5 or in palladium-catalyzed allylic alkylation reactions. 6 More recently, chiral 2,5-disubstituted pyrrolidines have been shown to be efficient organocatalysts for a variety of asymmetric transformations such as Michael additions 7 and a-halogenation of aldehydes and ketones. 8 Phosphoramidite ligands 9,10 prepared from chiral 2,5-disubstituted pyrrolidines were reported to give high enantioselectivities in asymmetric palladium-catalyzed [3+2] trimethylenemethane cycloadditions. [11] [12] [13] This methodology represents an elegant route towards cyclic compounds, including heterocycles. 12, 13 Not until the introduction of 2,5-arylpyrrolidine-derived phosphoramidites such as L1 (Figure 2 ), could these transformations be rendered enantioselective. These ligands thus create a unique chiral environment around a catalytically active metal center upon coordination. 13 It was this ability that prompted us to investigate this class of ligands for transition-metal catalyzed reactions.
Although a few synthetic routes towards chiral 2,5arylpyrrolidines are known, 14-16 they do not include the preparation of sterically demanding naphthyl-subsituted pyrrolidines 1. A report employing asymmetric borane reduction of 1,4-diketones specifically highlights the elusiveness of these substrates in undergoing reduction. 15 Approaches based upon the enantioselective deprotonation/arylation of Boc-protected pyrrolidines utilizing organolithium reagents and naturally occurring (-)sparteine have been disclosed. 16, 17 However, the use of a stoichiometric reagent renders this method expensive and not attractive in terms of atom economy. Moreover, only one enantiomer of the products is available through this approach; a drawback when chiral ligands derived from chiral pyrrolidines are employed in the synthesis of complex target molecules where a particular stereoisomer is desirable.
An elegant catalytic enantioselective synthesis of chiral 2,5-naphthylpyrrolidines based on the reduction of 1,4diketones with chiral cobalt-salen complexes was reported. 18 Unfortunately, in our hands, these results were not reproducible for the naphthyl-substituted products. Another handicap of this method is the tedious and expensive synthesis of the chiral salen ligands.
Herein, we present a new, catalytic enantioselective synthesis of chiral 2,5-arylpyrrolidines 1 utilizing a catalytic enantioselective allylic amination with iridacycles 8 as the key step (Scheme 1). An important feature of this methodology is the fact that both enantiomers of phosphoramidite ligands 10, 19, 20 L2 for the chiral iridium/phosphoramidite The iridium-catalyzed allylic amination 20,21 is a valuable method to efficiently synthesize chiral amines with high optical purity. After the identification of phosphoramidite-derived iridacycles as active catalyst species, 22 efforts have been directed to achieve the allylic amination with a variety of nucleophiles, including ammonia. 23 In the latter case, though, double allylic amination was a frequently observed side reaction. We anticipated that a double allylic amination on methyl (E)-3-(naphthalen-2-yl)allyl carbonate (2) (Scheme 1) could be exploited as a key step for the synthesis of target 4.
Our synthetic route starts from the carbonate 2, which was synthesized in good yield by cross-metathesis of 2-vinyl-naphthalene (5) and (Z)-4-[methoxycarbonyl)oxy]but-2enyl methyl carbonate (6) with Hoveyda-Grubbs secondgeneration catalyst (Scheme 2). To our delight, the allylic amination of 2 employing 6 mol% iridacycle 8 22, 23 led to dinaphthylallylamine 3 in excellent yields, diastereo-as well as enantioselectivities (95%, 99% ee). The reaction conditions are notably mild, that is, room temperature (Scheme 2). Moreover, ammonia as the nitrogen source is cheap, atom-economic and does not require any further protection group transformations.
The subsequent ring-closing metathesis of 3 was initially examined with molybdenum-based catalysts, since they were reported to exert catalytic activity with unprotected secondary amines. 24 In our case however, no turnover was observed, which we attribute to the steric constraints of 3. Ring-closing metathesis based upon ruthenium catalysts is hampered by the potential donor abilities of the nitrogen in 3, so we decided to convert 3 to the corresponding HBr salt 25 to conceal this functionality. Employing elevated temperatures and 4 mol% HG II catalyst, chiral pyrroline 7 was obtained in 79% yield (Scheme 2). Noteworthy is the fact that the corresponding HCl salt of 3 led to decomposition of the starting material. With other Grubbs or Hoveyda-Grubbs (first-or second-generation) catalysts 7 was obtained in lower yields.
The subsequent reduction of the olefin in pyrroline 7 was first attempted by homogenous rhodium-catalyzed hydrogenation, but here also, the unprotected amine suppressed any turnover. The hydrogenation of the HBr salt of 7 was unfruitful as well. Since heterogeneous hydrogenation with palladium on solid supports is known to racemize allylic amines, 26 we refrained from applying this methodology to our synthesis. In our institute, a metal-free reduction of olefins based on catalytic formation of diimide 10 from cheap and readily available hydrazine with riboflavin catalyst 9 and molecular oxygen has been developed. 27 This method, unobjectionable towards racemization or epimerization, was applied as final step in our synthesis of chiral 2,5-dinaphthylpyrrolidine 4 (Scheme 3). The optimized conditions comprise slow addition of both the riboflavin catalyst 9 and hydrazine hydrate, which gave the desired product in 81% yield without loss of enantioselectivity. The chiral 2,5-substituted pyrrolidine 4 could subsequently be converted into the corresponding phosphoramidite L1. 13 In summary, we have developed a new, concise catalytic asymmetric synthetic route towards chiral 2,5-diarylpyrrolidines. The key step of this synthetic route is a double asymmetric allylic amination with ammonia catalyzed by an iridium/phosphoramidite complex. All steps are high yielding and both enantiomers of the product are available through this novel pathway. We used this new catalytic route to synthesize the corresponding pyrrolidine-based phosphoramidite ligand L1. Studies towards the broadening of the scope of this reaction and the application of the final product as an organocatalyst are currently underway. ) ]. Mass spectra (HRMS) were performed on a Orbitrap system from Thermo Scientific. HPLC analysis was performed on a Shimadzu HPLC system equipped with two LC-10AD vp solvent delivery systems, a DGU-14 A degasser, a SIL-10AD vp auto injector, an SPD-M10 A vp diode array detector, a CTO-10 A vp column oven, and an SCL-10A vp system controller by using the columns indicated for each compound separately. All glassware were flame-dried prior to use unless noted otherwise. The dicarbonate 6 was synthesized from but-2-ene-1,4-diol according to literature 29 and (S)-(-)-(1,1¢-binaphthalene-2,2¢-dioxy)chlorophosphine was synthesized as reported. 30 Iridacycle 8 22, 23 and riboflavin 9 27 were synthesized according to literature. 31 2-Vinylnaphthalene (5; 0.154 g, 1 mmol, 1 equiv) was dissolved in CH 2 Cl 2 (10 mL) at r.t. and the dicarbonate 6 (0.409 g, 2 mmol, 2 equiv) was added. Then, a solution of Hoveyda-Grubbs secondgeneration catalyst (0.031 g, 0.05 mmol, 5 mol%) in CH 2 Cl 2 (0.5 mL) was added and the reaction mixture was refluxed for 16 h. After cooling, all volatiles were removed in vacuo to give a browngreen solid. This was purified by column chromatography (SiO 2 , pentane-EtOAc, 20:1) to give 2 as a white powder (0.218 g, 0.9 mmol, 90%); R f = 0.8 (pentane-EtOAc, 10:1). 1 
Methyl (E)-3-(Naphthalen-2-yl)allyl Carbonate (2)

(S)-Bis[(S)-1-(naphthalen-2-yl)allyl]amine (3)
In a glove box, methyl (E)-3-(naphthalen-2-yl)allyl carbonate (2; 0.242 g, 1 mmol, 1 equiv) and 8 (0.083 g, 0.060 mmol, 6 mol%) were introduced into a flame-dried Schlenk tube. After sealing, the tube was taken out of the glove box, flushed with N 2 and a 2.0 molar solution of ammonia in EtOH (1.5 mL) was added. Then, anhyd THF was added dropwise until all of the starting material had dissolved (~0.8 mL). The yellow mixture was stirred at r. (2S,5S)-2,5-Di(naphthalen-2-yl)-2,5-dihydro-1H-pyrrole (7) (S)-Bis[(S)-1-(naphthalen-2-yl)allyl]amine (3; 0.330 g, 0.944 mmol, 1 equiv) was dissolved in EtOAc (10 mL) at r.t. and HBr solution (32% in AcOH, 5 mL) was added. After stirring for 5 min, all volatiles were removed in vacuo and the yellow oil was dried under vacuum for 16 h to yield a pale yellow solid. This was dissolved in degassed 1,2-dichloroethane (DCE, 5 mL) and subsequently a solution of Hoveyda-Grubbs second-generation catalyst (0.024 g, 0.038 mmol, 2 mol%) in DCE (1 mL) was added. This mixture was heated to reflux for 6 h. Then, an additional 2 mol% of catalyst in DCE (1 mL) was added and the mixture was refluxed for 16 h. The turnover of the reaction was checked by 1 H NMR spectroscopy (samples were washed with 2 N aq KOH and extracted with CH 2 Cl 2 ). After cooling, the mixture was filtered and the resulting brown solid was washed with acetone (3 × 10 mL) to yield the HBr salt of the desired product 7 as an off-white solid after drying. The resulting organic phase was washed with 2 N aq KOH solution (3 × 10 mL). After reextraction of the aqueous layers with CH 2 Cl 2 (10 mL), the combined organic phases were dried (Na 2 SO 4 ) and all volatiles were removed in vacuo to yield a dark green solid. This was purified by column chromatography ( (2S,5S)-2,5-Di(naphthalen-2-yl)pyrrolidine (4) 18 (2S,5S)-2,5-Di(naphthalen-2-yl)-2,5-dihydro-1H-pyrrole (7; 0.142 g, 0.442 mmol, 1 equiv) (or the corresponding HBr salt) was dissolved in CH 2 Cl 2 (10 mL) at r.t., an oxygen atmosphere was applied (balloon) and the reaction mixture was stirred extremely vigorously. Then, via a syringe pump, a solution of riboflavin catalyst 9 (0.180 g) in EtOH (10 mL) and an excess hydrazine hydrate (4.30 mL, 88 mmol) were added over a period of 10 h. The reaction mixture was stirred at r.t. for 16 h and the progress of the reaction was checked by 1 Phosphoramidite Ligand (L1) 13 (2S,5S)-2,5-Di(naphthalen-2-yl)pyrrolidine (4; 0.085 g, 0.263 mmol, 1 equiv), freshly distilled Et 3 N (0.183 mL, 1.314 mmol, 5 equiv) and DMAP (3.21 mg, 0.027 mmol, 0.01 equiv) were dissolved in toluene (5 mL) and cooled to 0°C. To this, a 0.5 molar solution of (S)-(-)-(1,1¢-binaphthalene-2,2¢-dioxy)chlorophosphine (0.631 mL, 0.315 mmol, 1.2 equiv) was added dropwise. The reaction was allowed to warm up to r.t. and stirred for 16 h. Then, all volatiles were removed in vacuo and the residual off-white solid was purified by column chromatography (SiO 2 , pentane-EtOAc, 10:1 + 1% Et 3 N) to yield phosphoramidite L1 (0.100 g, 0.157 mmol, 60%) as a white powder; R f = 0.9 (pentane-EtOAc, 10:1);
[a] D 20 -6.2 (c = 0.86, CHCl 3 ). 1 
